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Introduction

Many divalent metal cationsorb to calcite
surfaces and incorporate intmlcite to varying
degrees. Sincealcite maysorbtrace elements
in the environment, the factors controllimgetal-

coprecipitation samples, solutions weadways
undersaturated with respect to &hown Mn or
Ni minerals. Although this did nagliminate the
possibility of trace metal precipitatiofsurface
precipitates have beeshown to form when

calcite interactions are critical to understandingsolution concentrations are below the solubility

element cycling. The interaction dlivalent

metal cations withcalcite can be critical to
toxic metal immobilizatiort, nutrient cycling,

interpretation of past redogonditiong, tracing

fluid flow?, for example.

Sorption of Ni and Mn orcalcite surfaces was
studied by Zachara et 4al. At any particular pH,
the sorption of Mn orcalcite was greaterthan
Ni. This wasattributed in part to thesimilarity
of divalent Mn and Ca with respect to iwmize.
Although direct spectroscopievidence was not
available, sorption/desorption resultsuggested
that Mn quickly forms a surfacerecipitate or
solid solution while Ni forms a hydrateslirface
complex that may incorporate intalcite much
more slowly via recrystallization. Because
Mn(ll) ionic radius is similar to that o€a(ll)
(0.80 versus 1.0A), antbecause MnCQhas a
structure similar tccalcite, it islikely that Mn
can substitute directlyfor Ca in the calcite
structure. The ionic radius of Ni(ll) is
significantly smaller (0.69A) and Ni(OH)
precipitation is likely to be favored imost
systems. For Ni, direct substitution for Caless
likely or may require more significantalcite
lattice deformation.

Materials and Methods

Ni and Mn sorption samples were prepared agxperiments

beam line4-3 at SSRL severalhours prior to
sample analysis. A range of solutianetal
concentrations were used (5-100 ppm)
investigate concentration effects.
detection limits are high, samples
approximately 50 ppm metal; thus, abrption

of the particular mineral), it reduced the
likelihood of mineral precipitation and was a
better representation of solution metal
concentrations in the environment.

Results and Discussion

1. Ni(ll) Sorption on Calcite

Figure 1 contains EXAFS datdor aqueous,
sorbed, and coprecipitated Ni on calcite. For all
sorption samples, no significant change in
spectra occurred as a function of tingairing
data collection. This indicated that, within the
first severalhours of Ni sorption, naignificant
restructuring occurred at the calcite surface. The
EXAFS (and XANES) of all sorptiorsamples
were significantly different from aqueous Ni
samples. This difference is indicative inher-
sphere Ni sorption or formation of Ni
precipitates. The EXAFS FT dafar sorbed Ni
samples contained a second neighbor feature at
~2.8A (not correctedfor phase shift). This
feature was much smaller than that i OH),,
indicating that simple Ni(OH)formation did not
occur.

The formation of surface multinucleaomplexes
with Ni was previously shown to occur in
pyrophyllite sorption experiments Those
showed that multinuclear
complexes formed well below the solubility
product of Ni(OH), and that the relativeNi-Ni

tocoordination numbers increased with Ni loading.

Since XASThe
requiredamplitude with increased loading was observed

increase in the second neighbpeak

here as well. Formation of ai(OH),-like

samples were supersaturated with respect tgurface precipitate or (NiCa)CQ, near-surface

Ni(OH), or MnCO,. Coprecipitation samples

solid solution is likely in our case.

were prepared using a pH-stat set-up run at

0.03% and 0.25% CQand sodium chloride
background electrolyte (1=0.1). In

Although sorption EXAFS data were noisy, fits
were attemptedfor all samples. In allcases,



1998 SSRL ACTIVITY REPORT

second neighbor fits were the same lmetter for Ca near thecalcite surfacewhile another
when fitting with Ni and not Ca. Thisuggests fraction was in aNi(OH),-like coordination. At
that Ni multinuclear complexes formed these short times (~10 hours), eitheNi(OH),-like
samples. lraddition,o? valuesfor Ca fitswere  multinuclear complexes or a mixture of Ni(QH)
unreasonably low while those of Ni wes@mnilar like and Ni-substitutedcalcite species most
to Ni(OH), fit results. The Ni-Nidistance in likely formed in the presence of calcite.
sorption samples

2. Ni(ll) Coprecipitation in Calcite
' ' T r Ni XAS datafor several coprecipitatiosamples
(A) were examined. The XANES were teame at
all precipitation rates and pGCbut distinctly
different from Ni(OH), aqueous Ni, or sorbed Ni.
The EXAFS and FTs were also different. Due to
the complexity of the EXAFS, data fiteere
heavily constrained. For coprecipitation
samples, datdits were initially constrained by
assuming that Ni resides in the Ca position of
calcite such that coordination numbers atioms
were held constant. Atordistances,o?, and %
were fit. For coprecipitation sampleswith the
addition of each shell of atoms, the fit improved
and the first and second shell oxygeh values
agreed with NiO fit results. Not all atoms in the
nearest 5 A from the Ca position were fits8ts
of 6 equivalent O atoms between 4 and WBére
omitted to reduce the number of fitting
parameters. Though tlg for O at thatdistance
was expected to beery high, a relativelypoor
fit between3.5 and 4A of the EXAFS FTould
be attributed to those O atoms (Figure 2).

The coprecipitation data fits suggesthat
substitution of Caor Ni in calcite results in the
distortion of interatomic distances in thalcite
4 6 8 10 12 |attice.  The difference in atomdistances
Ke, & (relative to ideal calcite)for the fitted atoms
) ) was -0.27, -0.10,
Figure 1. Ni EXAFS data of 100ppmaqueous .09, -0.11, -0.07A foncreasingly distant back-
Ni (A), 50 ppm Ni sorbed on calcite at pH  gcatterers (Figure 3). Thus, Ni substitution
7.75 (B), and 500 ppb 3N|copreC|p|tated_ N disturbed the atonlattice positions to atleast
calcite (C) (EXAFS are K* weighted; relative  5A  Thoughsignificant distortion of thecalcite
amplitudes shown for y-axes). lattice occurred, EXAFS results indicate Ni
substituted directly for Ca in calcite.

also agreed withNi-Ni distances in Ni(OH)

Second neighbors in sorption samplegere,  since the ionic radius of Cu(ll) is close to Ni(ll)
therefore, dominated by Ni atoms.  The(g.73 and 0.69A, respectively), EXAFS data was
coordination numberfor Ni neighbors varied  cojlected on coprecipitated Cu(ll) anseveral
between 0.4 andz 1.7,increasing with level of gtandards. When coprecipitation data was fit
loading. Wheno® was held at 0.0064average sjng the same scheme as for Ni, the decrease in
for Ni(OH), sample), Ni coordination numbers giom distance relative to calcitwere -0.33, -
varied between 0.6 and 1.6. The addition of a C@ 20, -0.22, -0.11, and0.06A for increasingly
shell in addition to a Ni shell improved the gistant neighbors. In the case of Cu, distortion of
EXAFS fit significantly for all samples. Nhay, the calcite latticeoccurred similar to Ni and
therefore, be found as a surfapeecipitate that  gjstortion beyond 5A wasletectable. However,
coats the calcitesurface. Since EXAFSlata poordata fitsfor the Cu data indicated that, for

always represents the average coordination of ag, symmetric distortion of the carbonasite
element, it is also possible that Ni wimind in  ost likely did not occur. Bondvalence

several coordination environments on telcite  cyjculations  indicated  that octahedrally
surface. Some Ni atoms may hasabstituted

EXPERIMENTAL PROGRESS REPORTS  7-175



1998 SSRL ACTIVITY REPORT

coordinated O atoms a.03A (fit result) were
significantly too shortfor divalent Cu.
likely due to the typical non-ideabctahedral

For all sorptionsamples, Mn loading owalcite

This is was low and EXAFS data fitting could not be

accomplished. Though Mn sorbs more strongly

coordination of Cu-Ospecies that have 4 O at to calcite than Ni, the Mn detection limitgere

~1.9A and 2 at ~2.5A. Both Ni and Mrsually
have equidistant octahedral

atom distances for coprecipitation samples are imn aqueous or MnCgike species.

agreement with bond-valence calculations.

AN
o~ i\~
W N
0 2 4 6 8
R, A
Figure 2. Data fit for Ni coprecipitation

sample (solid line = data, dotted line =back-
transform, thick line = back-transform fit;
EXAFS and FT's are K*® weighted; relative
amplitudes shown for all y-axes).

Figure 3. A diagram depicting the O, C, and
Ca cluster of atoms that was fit in Ni
coprecipitation EXAFS data.

3. Mn(ll) Sorption on Calcite

significantly higher. NeverthelessXANES data

coordination andndicated that sorbed Mn was not dominated by

Mn(ll)
sorption data was time-dependemluring the
period of XAS data collection. Wheaxamining
the XANES as a function dfme, the spectrum
shape changed as a function of time (Figure 4).
Each sorption scan is an average sdveral
scans that represent approximately 2 hours of
reaction time. For thissample, XAS data
collection began after only dew hours of
sorption. The first scan looks most lilegjueous
Mn(ll) (or, possibly surface sorbed Mn(ll)). The
formation of additional XANES peaks as a
function of time (and other EXAF®vidence)
suggests a fast transformation from Mn sorption
to solid solution formation (compare with Mn
coprecipitation XANES).

6540 6580 6620
Energy, eV
Figure 4. Mn XANES of 100 ppm aqueous

Mn(Il) (A), Mn(ll) sorbed on calcite at pH
7.75, 1 = 0.1, 0.03% CQ (B), and 500 ppb
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Mn(ll) coprecipitated at0.03% CO, and Q =
3 (C) (relative amplitudes shown on y-axes;
arrows indicate time trend).

similar (Mn(ll) = 0.8A and Ca(ll) = 1.0A).
Consequently, the distortion of fittecatoms
distances relative to Ca positions in calcite were
-0.14, -0.03, -0.07, -0.05, +0.01 ftre nearest 5
Additional Mn sorption data suggestethat, fitted atom shells. In the case of Mn
unlike Ni that formed a stabl&li(OH), surface coprecipitation, distortion ofcalcite did not
precipitate, Mn(ll) interaction with calcite was a reach the second shell of Ca atoms and was
function of time and solution concentration. At slight beyond the first shell of O atoms. Although
low Mn(ll) concentrations, Mn wadound on the fits assumed that no Mn was present in the
calcite with a structure similar but natentical first or second shell of divalent cation sitéhjs

to Mn-substitutedcalcite; Mn was mostlikely =~ may not necessarily be the case. When fits were
substitutingfor Ca atthe calcite surface or was made with Mn instead of Ca back-scatterers, the
quickly incorporated to form a solid solution in fits were worse and fitteds? values were too
calcite. At higher Mn(ll) concentrations, Mn large. Nevertheless, a fraction of first ggcond
formed a surfaceprecipitate evidenced by Mn- shell divalent cation sites may contain some Mn

Mn back-scattering. Within several hours, atoms.
Mn(ll) began to form a solid solution inalcite
via diffusion through the hydratedalcite layer
or calcite recrystallization,finally forming a
structure similar to Mn substituteccalcite. 1.
These EXAFS results provide direct evidence for
the model described by Davis et ®alwhere
sorption was described as a 2-step process of
surface sorption followed by solid solution
formation through surfaceecrystallization. The
results also agree with Mn sorption observationsz'
of Zachara et d.that indicated irreversible Mn
sorption on calcite; the irreversible nature of
Mn(ll) sorption was most likely due to
incorporation beyond the surface of calcite. The3.
difference in reactivity of Ni and Mrsorption
can be related to the relative ease of Mn
dehydration compared to Ni (i.e. Madehydrates
and can then substituteor Ca in calcite while

Ni remains largely at the surfaée) 4

4. Mn(ll) Coprecipitation in Calcite

Several Mn(ll) coprecipitation samplesvere
examined usingXAS. Precipitation rate and
pCGQG, in the ranges examined did not affect the>-
structure of Mn in calcite. TheXANES
contained 2 peaks near 6600 eV similar to the
XANES of Mn sorption samples (Figure 4).
These XANES were also significantly different
from MnCO,. The EXAFS FT datacontained
multiple features as in Ni and Qroprecipitation 4.
results. The Mn coprecipitation EXAFS FTs
were quite similar to MnCQ data though
conspicuously different. A comparison of
EXAFS data led to the same conclusion: though
many of the features in coprecipitated Mn and
MnCO; are similar, there are distinct difference
between the spectra.

Data fits for coprecipitation samples showed
similar changes in atoms distances as Ni and Cu
coprecipitation results, though the effeotgere
much slighter since Mn and Ca ionic radii are

EXPERIMENTAL PROGRESS REPORTS

This same argument could be made for

Ni coprecipitation samples.
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